Visual membranes of octopus, whose main component is the light-sensitive signal transducer octopus rhodopsin (octR), are extremely highly ordered, easily capture single photons, and are sensitive to light polarization, which shows their high potential for use as a QC detector. However, artiˇcial membranes made of octR are neither highly enough ordered nor stable, while the bacterial homolog of octR, bacteriorhodopsin (bR), having the same topology as octR, forms both stable and ordered artiˇcial membranes but lacks the optical properties important for optical QC. In this study, we investigate the structural basis for ordering of the two proteins in membranes in terms of crystallization behavior. We compare atomic resolution 3D structures of octR and bR and show the possibility for structural bR/octR interconversion by mutagenesis. We also show that the use of (nano)biotechnology can allow (1) high-precision manipulation of the light acceptor, retinal, including converting its surrounding into that of bacterial rhodopsin, the protein already used in optical-computation devices and (2) development of multicomponent and highly regular 2D structures with a high potential for being efˇcient optical QC detectors.
INTRODUCTION
Optical implementations of qubits were successfully applied in a wide range of theoretical and experimental quantum computation research, as well as applications, due to intrinsic lack of decoherence and ability for high-precision control [1] . However, highly efˇcient singlephoton detectors are required for displaying the result of optical QC because of the extremely small photonÄphoton coupling available in existing materials [2] . The visual membranes of higher biological organisms easily capture single photons [3] , while in some biological species they also capture the polarization of light [4] , the latter being the signal-encoding parameter in optical QC. The extremely high ordering of octopus visual membranes, as well as its ability to capture single photons and sensitivity to light polarization, suggest the possible use of rhodopsins, the main component of such membranes, as a material for photonic qubit detector. Octopus rhodopsin (octR), a typical example of light transducer in deep-water species that need extreme photosensitivity, including sensitivity to polarization of light, is exceptionally well ordered in its membranes in vivo. However, artiˇcial membranes of octR are practically liquid as those made of their mammalian homologs. So far they have neither 3D structures nor suitable crystals. In 2D, squid rhodopsin, a close homolog of octR, forms 2D crystals similar to those of bovine rhodopsin, allowing one to obtain only approximate structures from crude (8 A resolution) X-ray density map [5] .
In contrast, bacteriorhodopsin (bR) has already a huge body of such structure/function data (reviewed in [6] ) with respect to bR, as well as nanotechnology applications, e.g., [7] , because it forms extremely stable and well-ordered structures.
Functionally, octR is a light transducer which captures single light quanta, while bR is a light harvester which does not require high sensitivity.
Structurally, octR and bR belong to the structural superfamily of rhodopsin-like proteins sharing the overall seven transmembrane helix topology of BR except for some details in distances and relative orientations of the helices [8] . This allows one to use bR as the primary template for all structure/function studies.
Similarities and differences between visual rhodopsins and bacteriorhodopsins are extensively discussed elsewhere [9] , mainly using bovR as an example. Less attention has been paid to cephalopod rhodopsins, in which rhodopsin is the main component of microvillar membranes, microvilli being cylindrical extensions of the cell membrane, arranged hexagonally within the rhabdome (photoreceptor) [10] .
As theˇrst step, we build a 3D model of octR using bovR as a template, and compare it with the structure of bR. We also discuss this comparison in terms of nanotechnology applications that have been reported for bR [31] but can also be implemented in octR. We also built a model for mutant protein aimed at ocrR/bR interconversion. In this work, we decided to explore only possible mutations in the immediate surroundings of the retinal, while mutations affecting the overall fold will be addressed elsewhere.
METHODS
The homology modeling was performed using the SwissModel suite of programs, using the DeepView program (www.expasy.org/spdbv) as the front end. The tools PCAPPS version 2 (darwin.nmsu.edu/cgi-bin/pcapss v2.cgi) and Porter [11] were used for selecting the template and calculation of octR secondary structure, respectively. Optimization of the obtained model with the retinal included was done using the evaluation version of the package HyperChem v.7.0 (www.hyper.com), using the parameters of the AMBER forceˇeld [12] .
Since partial charges of the retinal are highly dependent on the environment, the following combination of quantum mechanical and molecular mechanical (QM/MM) calculations was adopted:
Step 1: the geometry of opsin was MM-optimized for the uncharged andˇxed retinal;
Step 2: retinal charges were calculated using QM (PM3 parametrization);
Step 3: the entire octR molecule was MM-optimized; Go to Step 2. Iterations continued until convergence. The 3D structures of models obtained were compared to those available in PDB using the VAST tool [13] .
RESULTS AND DISCUSSION
Selecting a Tool for Modeling the 3D Structure of octR. For a transmembrane GPCR protein like octR, this is not a trivial task. While classical homology modeling is still successfully used [14] , two other approaches were implemented, one based on intraprotein hydrogen-bond optimization [15] and the other based onˇrst principles of transmembrane protein assembly [16] .
As for the hydrogen-bond optimization approach, it seems to be working well if experimentally derived constraints are used, but the experimental data underlying these constraints are themselves under discussion for octR. Besides, the presence of retinal within the transmembrane part of the molecule could hamper correct hydrogen bond assignment which is crucial for accuracy of the method. Theˇrst principles approach is more attractive considering also that it has already been tested on bovine rhodopsin. Since it is mostly based on assigning the transmembrane helices, we started by predicting positions of the helices and then manually adjusting the resulting alignment of octR versus bR using sequence identity and similarity. The eventual alignment is shown in Fig. 1 . The resulting approach is therefore a hybrid between homology modeling andˇrst-principles modeling. The template selected for homology modeling was the PDB entry 1U19, and the resulting model is shown in Fig. 2 . 
Model Quality Estimated by Comparison of the Model with Its Template.
One can see that the model reproduces the positions of the residues surrounding the chromophore (retinal) correctly, particularly the Lys306 residue providing the Schiff base connection of the protein to the retinal. Notably, the model shows higher alpha helical content than its template (203 versus 190 alpha helical residues), a rare occasion in comparative modeling. This could be a basis for higher organization of octR into 2D arrays compared to the bovR, but the experimental data [5] show that it happens only in vivo but not in vitro. Deˇnitely some factor other than the rhodopsin structure itself is responsible for the high ordering of octR in vitro, and, as further analysis will suggest, this could be interaction with another transmembrane protein present in membranes together with octR.
The sequence identity level in the eventual model was 24.4%, which is above the average 20% quoted for comparisons of vertebrate versus invertebrate visual pigments and therefore supports the reliability of our model. Since all visual pigments described to date have distinc- [17] , quality of the model can be assessed by the model's ability to reproduce those features. Theˇrst is a lysine in the middle of the seventh putative transmembrane segment, corresponding to Lys-296 in bovine rhodopsin, which is the site of covalent binding of the chromophore via a retinylidene Schiff base. In our case, it is Lys306. The next feature is a pair of cysteines corresponding to Cys-110 and Cys-187 in bovine rhodopsin, which are presumed to form a disulˇde bond connecting theˇrst and second extracellular loops. These are present in our model as Cys109 and Cys187. Another ®quality indicator¯is presence of the sequence (Glu/Asp)-Arg-Tyr, or a close match to this sequence, at the beginning of the second cytosolic loop, in our case it is Asp133, Arg134, and Tyr135. Finally, one or more serine or threonine residues should be located in the cytosolic carboxyl terminus, which in bovR are the sites of light-dependent phosphorylation by rhodopsin kinase. In our model, those are threonines 329, 330, and 336.
Identity of the counterion is another important issue both with respect to both the structure/function relationships and nanotechnology applications. Indeed, in both octR and bR, the conformational rearrangements required for function (proton pumping for bR, signal transduction for octR) demand precedent storage of energy ( [9] and references therein), which is in both cases achieved by separating the charge of the retinal/lysine Schiff base from its counterion, acting also as a starting point for proton pumping in bR. Our model predicts that the position equivalent to the bovR counterion (Glu113) is occupied by Tyr112. This tyrosine always remains neutral [18] so its role as the counterion is ruled out. However, our model predicts that the residue Glu181 is within 5 A of the Schiff base nitrogen and can therefore serve as the counterion. This is in perfect agreement with the recent mutational analyses proving that it is the Glu181 that is the counterion in invertebrate rhodopsins [19] while the vertebrate-rhodopsin counterion (Glu113 in bovR) was acquired later in the course of evolution.
Comparison of the octR Model with bR and Mutations Suggested for octR/bR Interconversion. Considering that the ground-state isomers of retinal are 11-cis for octR and all-trans in bR, we attempted to accommodate an all-trans retinal in the octopus opsin by means of molecular modeling. We tried to introduce all-trans retinal into a new cavity in which it would have the same surroundings as in bR. The latter was done by introducing putative mutations. The resulting mutant octR should possess similar properties to bR, at least in the immediate vicinity of the retinal environment. The mutations suggested to graft the bR-like retinal binding pocket to octR are Gly120Trp, Phe121Met, Ile124Trp, Gly209Ser, Tyr278Trp, Val302Lys, Ala305Tyr, and Lys306Phe. The resulting retinal-binding pocket in the putative mutant is shown in Fig. 4 .
One can see that no mutation is required to insert the counterion into octR at the spatially equivalent position of bR. Indeed, the Asp83 of bR and Glu181 of OctR are less than 3 A apart. The mutation Gly120Trp is required to insert a tryptophan residue at the position identical to that of Trp182 of bR. The Trp182 is known to be responsible for the functionally important interaction with the retinal 9-methyl group in the L intermediate [20] . The mutation Phe121Met in octR reproduces the Met145 of bR, for which computer simulations predict involvement in the binding pathway of retinal [21] . The mutation Ile124Trp introduces a tryptophan equivalent to Trp138 in bR, which is involved in a functionally important pi-cloud H-bond with Trp189 in bR [22] . The Gly209Ser provides the bR equivalent of Ser141. The Tyr278Trp is designed to provide the equivalent of Trp189 of bR, which is also involved in hydrogen bind with Tyr83 [21] and exhibits marked UV Raman spectroscopy-detected changes in its environment during the photocycle [22] . The Val302Lys and Lys306Phe are the crucial mutations shifting the retinal attachment site. The Lys302 now provides the Schiff base link to the retinal, while Phe306 should block the retinal isomerization to 11-cis. The Ala305Tyr mutation is introduced to mimic the bR residue Tyr185. The remaining residues neighboring the retinal already have their structural counterparts in the native octR and require no mutation. One can see that three new tryptophan residues are proposed to be introduced in the mutant octR. At aˇrst glance, the bulky tryptophan residues could destabilize the structure. However, this notion comes from experience with soluble proteins where tryptophans could destabilize the hydrophobic core, which does not exist in transmembrane proteins like rhodopsins. Besides, recent NMR estimates of main chain and side chain mobility in bovR [23] show that the tryptophan side chains are even less mobile than backbone atoms, so most likely the backbone atoms can adapt their conformations to the new tryptophans. According to our model, the mutations proposed for moving the Schiff base linkage to another position should result in absorbance spectrum changes, as well as change of the time scale of the earliest photoprocess detected. The corresponding experimental techniques are described in [9] . The mutations introducing the tryptophans should be veriˇed by observation of decreased mobility of the nearby parts of the protein main chain, according to the NMR technique of [24] .
Binding of All-trans Retinal to Octopus Opsin. Toˇnd out if the native octR could accommodate retinal which is the excited state for octR but the groud state in bR, we inserted all-trans retinal into the native octR retinal cavity. This allowed checking if octR could bind all-trans retinal in the same way it binds its native ground-state 11-cis retinal. These very simpliˇed strategies are dictated primarily by the approximate nature of homology modeling.
As follows from Fig. 5 , octopus opsin should readily recombinate with all-trans retinal. The superimposed structures allow one to see that octR opsin can accommodate retinal both in its native 11-cis conformation and in the all-trans conformation. This is supported by the experimental data [25] showing that, while both bovR and octR are easily regenerated with their native 11-cis retinal, octR can be additionally regenerated with all-trans retinal and moreover the 13-cis retinal which is the native ground-state chromophore for bR. It is further supported by the recentˇnding that rhodopsin from lancelet (amphioxus), a primitive chordate, is, like octR and unlike bovR, able to bind all-trans retinal, and mutational analyses revealed that Trp265 is responsible for this property [26] . We found that the pairwise homologies retinal. The retinal is colored in magenta and cyan respectively, backbone atoms in yellow and blue respectively, and side-chain atoms according to the CPK scheme between rhodopsins from lancelet and octopus, as well as bovine and octopus rhodopsins, are similar (about 30% identity) but the 275th amino acid position in our octR model equivalent to the 265th position of lancelet rhodopsin is also occupied by tryptophan (data not shown). In contrast, there are no tryptophans at the corresponding position of bovine rhodopsin or positions close in its amino acid sequence. On the one hand, this adds to the validity of our octR model since it predicts not only the experimentally known effect, i.e., the ability of octR to bind all-trans retinal, but also its cause, i.e., the tryptophan at the 275th position. On the other hand, none of the mutations proposed in this paper is at the 275th position, so they are unlikely to affect this property. Besides, the mutation of the neighboring Tyr278 to Trp proposed herein is unlikely to affect the conformation of Trp275 because both Tyr and Trp residues have aromatic side chains.
However, the conformations of the ionone ring in the model of all-trans reconstituted octR and the 11-cis dark-state octR are not easily interconvertible within the protein because of contacts with protein side chains. This is supported by the fact that intraprotein conversion of 11-cis to all-trans conformation in any rhodopsin requires the entire range of the photoprocess, which has the time scale of milliseconds. Upon activation by light, followed by transition through batho-and meso-to limi-rhodopsin, the retinal molecule dissociates from octR to form the free retinal and the octopus opsin, so octR regenerates again only after the retinal has been conversed into the 11-cis conˇguration. However, our data, together with the data of [25] , as well as evidence for presence of alternative binding sites for retinal on opsin [27] , suggest that, unless the all-trans retinal is quickly transformed into 11-cis retinal upon release into the lipidic matrix or bound to some transporter protein delivering it to and from the isomerization site, it will be very likely sequestered by the same octopus opsin, thus leading to the inactive form of octR thereby terminating the visual cycle. In reality, the visual cycle is not terminated, which implies that the all-trans retinal release from octR is followed by its uptake by a protein other than rhodopsin.
One such protein could be the retinochrome, the retinal isomerization enzyme (Molina et al., 1992). However, the body of the experimental data available for invertebrate rhodopsins suggest that the retinochrome is located away from the rhodopsin, but linked to it via a shuttle protein RALBP [28] . We will now consider the distance from the site of retinal release from octR at which retinal uptake by RALBP must take place. Assume the excessively high diffusion coefˇcient of D = 10 −7 cm 2 /s for retinal in the membrane. Assume also that the time available for the all-trans retinal before it is sequestered by the octopus opsin as t = 10 −7 s, again unrealistically big because such a process should be limited by side-chain and main-chain torsional motions of the opsin and/or torsional motions of the retinal, all of which are at the nanosecond to picosecond time scale. Then, the maximal distance to which such ®free¯all-trans retinal can travel will be given by the EinsteinÄSmoluchowski equation
cm, which is only 15 A. Therefore, the RALBP protein must be located very near the rhodopsin. Importantly, in other invertebrates like honeybee, such a retinal-binding protein has also been detected and moreover is able to perform the function of retinochrome [29] .
CONCLUSIONS
Our calculations suggest that mutagenesis can practically arbitrarily be used to modify the immediate surroundings of the octR's photosensitive molecule, retinal, thus allowing one to graft the properties of bR to octR and vice versa. This is mostly done by incorporating tryptophans into the vicinity of the retinal, in the same way increasing the protein stability.
In terms of the application of octR in quantum or optical computations, this work has explored only one of two possible directions, namely, increasing stability and crystallizability of the octR-based systems that are intrinsically highly sensitive light sensors. The other option, that is, grafting the properties of octR to the already stable and crystallizable protein, remains to be explored.
The nature of stability of octR in vivo, however, is probably caused by the presence of another protein in addition to octR (possibly RALBP) which should be located in the immediate vicinity to octR in vivo. The presence of this protein can yield better stability and ordering of the octR-based assemblies, including crystals. Obtaining such structures containing rhodopsin and the other retinal-binding protein will give rise to a novel type of optical computation device. Indeed, the key property of bR allowing one to utilize it in optical memory device [7] is its existence in two stable forms. The same property is utilized in the existing optical computer [30] in which two lasers are used to encode signals on bŘ lms, so that the signals can be added and subtracted according to the trinary logic system where positive unity, negative unity, and zero are designated by high concentration of purple form, high concentration of yellow form, and equal amounts of the two forms, respectively. Obviously this device is purely passive. If regularly structured octR/retinochromeˇlms are obtained, they will contain two different proteins that can be manipulated independently. This will open the road to a new formulation of classical optical computing, now including active optical elements. Considering that the power of nanobiotechnology allows atomic level manipulation of proteins, this could allow embedding quantum computation units into the rhodopsin-based active computation media.
